ABSTRACT. The Micro Gravity Pocket (MGP) was
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INTRODUCTION
Most systems for crop growth in microgravity have used modified earth-based systems. Agar, floral foam and vermiculite have been used to support plant growth (Hoehn et al., 1998; Wright et al., 1988) . These systems allowed seeds to germinate and grow for a few days during short missions. As the space missions became longer, new designs had to be developed to sustain plant growth. Many of these new systems also use agar, foam or other soilless media that allow the addition of water to maintain plant growth (Hoehn et al., 1998; Wright et al., 1988) .
The Capillary Effect Root Environment System (CERES) developed by Bruce Wright was specifically designed for microgravity. The CERES design consisted of a coarse plastic screen laid in a depression in a solid plate that had an inlet and an outlet for a flowing solution.
A porous plastic sheet was laid on top of the coarse screen and sealed at the edges of the depression. The nutrient solution flowed from a storage container, at ambient air pressure, to the plate and a pump removed the solution from the depression creating a suction pressure.
Roots in contact with the porous sheet absorb water from the depression in the plate. The CERES was oriented on a vertical plane with water flowing behind the porous sheet. Earth based testing revealed that the large vertical dimensions (10 cm) resulted in a large pressure gradient that the capillary forces could not overcome. Allowing water to flow throughout the full height of the pocket caused over saturation of the porous plastic sheet and free water accumulated within the pocket. In a microgravity environment, it was theorized that the pumps would control the free water (Wright et al., 1988) . The difficulty with establishing a uniform suction pressure in the CERES prompted the development of the porous tube.
The porous tube consisted of a hollow porous plastic, ceramic or metal tube that provided a path for water to flow through it. Controlling the water flow rate entering the tube created a suction pressure within the tube. This negative pressure allowed the water to remain in contact with the outer perimeter of the tube and not drain away. A plant root in contact with the outer part of the porous tube was able to absorb the water. The porous tube was successfully tested on earth and in space missions (Dreschel et al., 1990; 1992; 1993; Goins et al., 1997) .
The two root nutrient delivery systems currently used for growing plants in microgravity are the porous tube (with and without a rooting matrix) and the nutrient packet.
Both of these systems have been successful in microgravity (Hoehn et al., 1998; Dreschel et al., 1993) . Both the porous tube and nutrient packet have problems harvesting root crops. Separation of roots from the growing matrix can result in loss of containment of the matrix particles. In microgravity, these free particles are a serious concern for ship functions and crew health. Root crop development is possible on the porous tube but other systems may be more adept at growing root crops while improving containment. The MGP was designed for growth of root crops in microgravity without using a growing matrix.
DESIGN AND CONSTRUCTION
The Micro Gravity Pocket (MGP) was constructed using two sheets of hydrophilic plastic, which wick nutrient solution from a reservoir into porous plastic. The plastic provides support for the plant roots while delivering nutrient solution. Three types of plastic sheets were used in the prototype MGP. These included plastic screening (0.1mm hole size) and two types of hydrophilic polymer sheets, each varying in thickness and pore diameter.
The first prototypes constructed, used plastic screening on polyurethane foam backing.
The foam backing was created by cutting two foam blocks (30 cm X 10 cm X 2 cm thick), which were glued to the screening. The two foam blocks were placed on top of each other to form a sandwich with the screening on the inside surfaces. The screening was then sealed along three edges, forming a pocket where the plants could grow. The water line was split in half to provide nutrient solution to the top of both sides of the prototype pocket and water was collected at the base.
Plant roots grew in contact with the screen but also grew through the screen, into the foam and down the return water line. The plants were able to grow and increase in size compressing the foam, producing a storage root within the pocket. This screening resulted in poor containment of the roots, finer mesh size screens (0.05mm hole size) were tested but
were too large to keep the roots from growing through them.
Porex Technologies ® (Fairburn, Georgia), manufactured plastic sheets with very small pore sizes. These plastics were hydrophilic removing the need to use the foam. Two
Porex plastics were tested separately: X-4588 and X-4741 (Table 1) and 6.7 and EC between 1.9 and 2.8 mS cm -1 . Later experiments used an EC between 0.7 and 1.5 mS cm -1 , because salt stress was noticed in the plants.
COMPARISON TESTING
Further testing was completed in an environmentally controlled growth chamber.
These tests grew plants in the MGP for comparison with the porous tube nutrient delivery system. A reach-in growth chamber (Percival Manufacturing Co., Perry, Iowa, model I-35LLUL) was used to grow plants under a 16 hour photoperiod. Air temperature set points were 18C night and 22C day. Carbon dioxide levels and relative humidity were not measured or controlled. A data logger (Campbell Scientific, Logan Utah, Micrologger 21X) was used to monitor irradiance and type T thermocouples monitored the storage tank cooling water temperature for the lamp, the temperature of the nutrient solutions, and the air temperature. The irradiance (Li -Cor, Lincoln, Nebraska, quantum sensor) was recorded at one location (between the two systems at the edge of the growth area). A complete light mapping at the beginning and end of each experiment was performed.
Placing the MGP system in a vertical orientation caused a problem with wicking distance, so a horizontal orientation was utilized. In the horizontal orientation gravity had limited effect and capillary action dominated. The system allowed the plant to grow horizontally out of the pocket toward a water-cooled lamp (150 watt bulb, metal halide) placed at the back of the chamber.
The MGP was constructed using the same materials and method as described earlier.
Two pieces of Porex plastic (X-4741) were cut to be 28 by 5 cm. A timer controlled the one minute watering period every three hours during photoperiod for the MGP. The nutrient solution was used as described previously.
A single 0.5 m length porous tube was placed in the reach-in growth chamber, 5 cm above the MGP (Figure 3 ). The ceramic tube was 2 cm in diameter with a pore size of 1.0 m. Nutrient solution was pumped into the tube at a negative pressure between 0.5 and 1 cm of water (49 to 98Pa), which was controlled by a standpipe and siphon (Lefsrud et al., 2000) .
A black plastic polyethylene sheet was used to cover the porous tube. A rigid plastic mesh tube was used to hold the plastic cover sheet in place. The water then flowed through the porous tube and returned to the nutrient storage tank through a 5 mm diameter plastic tube. Radish seed (Raphanus sativa L., cv. Early Scarlet Globe) were placed directly on the porous tube and in the pocket. The seeds on the porous tube were covered with a sheet of plastic, a slit in the plastic faced the light. The seeds in the pocket were placed 2 cm from the open edge. After emergence of the second true leaf the seedlings were thinned to the final density (4 plants per system). Plants were grown for 30 days and harvested. Both dry and fresh weights were measured and recorded. The aerial weight included both the leaf and stems (stem removal occurred at the top of the storage root). The storage root, the edible part of the plant, and the micro roots were removed from the system and weighed separately.
RESULTS
INITIAL TESTING
All of the initial prototypes that used the screen and foam were successful at growing plants but varied in amount of root growth through the screen. Radishes were grown for 31 days in the prototype and large amount of root growth was evident within the foam. Average aerial fresh weights for the radish was 25.1  9.5 grams and 24.8 14.8 grams for the storage root. Average aerial fresh weights for the carrot was 26.4 11.1 grams and 13.1  2.6 grams for the storage root.
Root growth through the porous plastic from Porex (X-4588), was less than with the previous screening but it still occurred. A plastic sheet that had smaller pores and larger thickness was obtained and testing continued using the X-4741. Radishes were grown for 22
to 33 days using the X-4741 porous plastic lined MGP. The small size of the MGP required that the mature storage root be removed before it was fully grown (2 cm diameter). Average storage root fresh weight of the radish was 13.1  7.6 grams, with average total fresh weight of the radishes was 23.8  11.5 grams.
COMPARISON TESTING
The average irradiance along the length of porous tube and MGP was 173 and 179 mol m -2 s -1 , with no differences notice during the experiment. The average air temperature was 20ºC with a night low of 17.6ºC and a day high of 22.4ºC. The nutrient solution range for the EC was 1.1 to 1.9 mS cm -1 and for the pH 5.2 to 6.5 for the first test. In the second test the water range was for the EC was 1.1 to 1.7 mS cm -1 and for the pH 5.5 to 6.6. EC and pH of the nutrient solution were within ranges for proper plant growth (Jones, 1983) .
The comparison tests showed that both the MGP and porous tube were able to grow radishes with storage root. After 30 days the average fresh weight per plant was 9.4 grams on the porous tube and 19.4 grams in the MGP for radish (Table 2 ). In the second test the plants were grown for 30 days in each system. The seeds germinated two days faster on the porous tube than in the MGP. The size of the plants grown on the porous tube resulted in an average fresh weight per plant of 35.4 grams, with the MGP producing 15.5 grams (Table 2) . The root zone temperatures in the first comparison were 8.0ºC different, with an average of 28.5 and 20.5ºC for the porous tube and MGP, respectively. The plumbing system was redesigned to reduce the root zone temperature in the second test. In the second test the temperature difference was 4.2ºC, with the average porous tube temperature at 24.8ºC and the MGP at 20.6ºC.
DISCUSSION
The MGP system was able to grow radish and carrot storage root. Utilizing the X4741Porex plastic kept root growth within the pocket and nutrient solution was easily wicked to the roots of the plants. The majority of root growth occurred on the lower porous sheet side when orientated horizontally. The small size of the MGP required that the storage root be removed before it was fully grown (2 cm diameter). A larger pocket would be better suited for a longer experiment.
The MGP was developed for root crop production in microgravity. The MGP is light weight, easy to plant seeds, monitor and harvest with contained water and low energy requirements. The MGP system was tested next to the porous tube nutrient delivery. In the first comparison test the MGP system grew larger plants. However, in the second test the porous tube grown plants performed better. No conclusive evidence was collected to determine why these biomass differences within and between systems occurred but may be due to root zone temperature, germination time or an effect of reduced hydrophilic properties of the plastic. Further testing is required for an accurate comparison of the MGP and porous tube systems. Through the design and testing, the MGP system shows promise for growing root crops in microgravity.
